Transition metal nitrides have been suggested to have both high hardness and good thermal stability with large potential application value, but so far stable superhard transition metal nitrides have not been synthesized. Here, with our newly developed machine-learning accelerated crystal structure searching method, we designed a superhard tungsten nitride, h-WN 6 , which can be synthesized at pressure around 65 GPa and quenchable to ambient pressure. This h-WN 6 is constructed with single-bonded N 6 rings and presents ionic-like features, which can be formulated as W 2.4+ N 6 2.4-. It has a band gap of 1.6 eV at 0 GPa and exhibits an abnormal gap broadening behavior under pressure. Excitingly, this h-WN 6 is found to be the hardest among transition metal nitrides known so far (Vickers hardness around 57 GPa) and also has a very high melting temperature (around 1900 K). These predictions support the designing rules and may stimulate future experiments to synthesize superhard material.
Transition-metal nitrides (TMNs) are promising candidates for new ultra-hard materials [1] [2] [3] [4] [5] , due to their outstanding properties, such as comparable thermodynamic stability to cubic γ-Si 3 N 4 , high melting points, good chemical inertness, high incompressibility and hardness, as well as their better performance in cutting ferrous metals than diamond 6 . It has been found that strong covalent bonding between nitrogen atoms in TMN structures plays a key role in increasing their elastic stiffness and hardness 7 . To synthesize this kind of compounds, high pressure and high temperature (HPHT) conditions are necessary to overcome the energy barriers of breaking nitrogen molecules and mixing elements. For instance, 4d-and 5d-transition-metal dinitrides with single-bonded N-N pairs were reported to be synthesized with HPHT method, including PtN 2 , IrN 2 , OsN 2 , and PdN 2 8-12 . Their bulk moduli were measured to be comparable to that of diamond. Recently, the δ- potential high-energy-density materials [16] [17] [18] [19] [20] [21] . Recent theoretical predictions found that nitrogen can form rings at high pressure [19] [20] [21] .
Among transition-metal nitrides, molybdenum and tungsten nitrides were found to possess the highest hardness and to be comparable to those of c-BN 6, 22 30 .
We can infer from the aforementioned examples that the covalent N-related bonds, especially the N-N single bond, have an important influence on the stiffness and hardness of TMNs. Meanwhile, the isotropy or homogeneity in the direction of covalent bonds largely affects the shear modulus of materials, and thus also influences their hardness. Nice examples for this can be found in ultraincompressible transition-metal borides (bulk modulus >300 GPa) [31] [32] [33] [34] . On the other hand, the metallicity of materials will largely reduce their hardness [35] [36] [37] . From the aforementioned observations, three clues seem to be useful for designing hybrid superhard materials containing transition metal and light elements as follows. 1) The candidate should be thermodynamically stable at high pressure and also dynamically stable at ambient pressure, allow us to be able to synthesize it eventually.
2) The good candidate must have a band gap, that is to say, it must be a non-metal.
3) The ratio of light element relative to transition metal atoms must be large enough so that the light element atoms can form strong covalent bonds or even networks and frameworks.
These clues inspire us to explore special N-related networks in TMNs, such as rings and even cages, where the short and strongly directional N-N covalent bonds should lead to the super-hardness.
In this work, to perform extensive structure search efficiently, we develop a machine-learning accelerated crystal structure prediction method by combining ab initio calculations and Bayesian optimization. Taking W-N binary system as a test for this brand new method, we investigate its phase diagram over a wide pressure range of 0-100 GPa. New ground-state and high-pressure phases at ratios of 1:1 and 1:6 are predicted. Interestingly, the newly found WN 6 is a superhard material containing N 6 rings, its Vickers hardness is evaluated to be around 57 GPa. The novel N 6 rings in WN 6 are found to be essential for the exotic electronic structures and excellent mechanical properties.
Results
Using our machine-learning accelerated first-principles crystal structure prediction method ( Fig. 1) , a series of convex hulls are obtained at pressures of 0, 20, 50 and 100 GPa (Supplementary Fig. 1 ). Two new W-N compounds at ratios of 1:1 and 1:6
(W:N) are found. The pressure-concentration diagram of stable W-N compounds is plotted in Fig. 2a . The newly predicted WN 6 (R 3 m, we named as h-WN 6 ) are labeled by blue and italic font ( Supplementary Fig. 1 ), it emerges at pressure of 100
GPa and is energetically favorable over a pressure range of 65-100 GPa (Fig. 2a) .
The enthalpy of another new W-N phase (space group: P 6 m2) with 1:1 ratio (h-WN)
is very close to that of the NiAs-WN structure 25 in the pressure range of 20-45 GPa.
The formation enthalpy of N-rich h-WN 6 becomes negative at high pressures >31 GPa ( (Fig. 2d) . The formation enthalpy of P 6 m2 WN is found to be negative and decrease monotonically with increasing pressure (Fig. 2b) . At zero temperature, P 6 m2 phase WN predicted in this work becomes more favorable than the NbO-WN structure 27 at pressure of 20 GPa (Fig. 2c) . With further increasing the pressure up to 45 GPa, WN transforms from the P 6 m2 phase to NiAs-WN structure 25 . The enthalpy of P 6 m2 WN structure is slightly lower than that of NiAs-WN at pressures of 20-45 GPa Bader's theory of atoms-in-molecules is employed 52 . The Bader charge analysis reveals that the total charge from one W atom to one N 6 ring is around 2.4e. This
indicates that the h-WN 6 phase predicted here possesses some kind of ionic-like feature. This type of charge transfer and ionic-like feature in noble metal nitrides has been suggested to be one of the major sources of their huge bulk moduli 53 .
To discuss the dynamical stability of the WN 6 phase, phonon dispersions are calculated at 0 GPa (Fig. 4a) , where there is no any imaginary frequency found. This suggests that this high-pressure R 3 m phase is metastable and can be recovered to ambient pressure, which may be useful in real applications. Additionally, the energetically stable P 6 m2 WN, is also dynamically stable judged from phonon spectra ( Supplementary Fig. 2a ).
This h-WN 6 is estimated to be a semiconductor with small indirect band gap (E g ) by the electronic structures calculation (the left panel of Fig. 3g ). E g is evaluated to be around 0.9 eV at 0 GPa, which changes very little with spin-orbit coupling There is rather strong repulsion between the lone pairs, and between them and other electronic states, which opens a gap in this compound. With compression, the repulsions get even stronger when the volume gets smaller, making the energy gap even bigger.
We further study the elastic properties of h-WN 6 and h-WN. The calculated elastic constants are listed in is estimated by semi-empirical models and exact strain-stress calculations. Using the methods of Chen et al. 54 and Tian et al. 36 , the Vickers hardness of WN 6 is estimated to be about 57.9 GPa and 56.8 GPa, respectively, which is much harder than the previously known hardest experimental synthesized transition metal nitride δ-MoN 6 (Hv = 30 GPa) 13 and also the theoretically predicted hP6-WN 2 (Hv = 46.7 GPa) 30 .
Therefore, h-WN 6 is a potential superhard material, hitting the highest record in the As shown in Fig. 4c , we obtain a lowest Vickers indentation shear strength of around 46 GPa at a peak-stress strain of 0.10 for the (001) plane shearing in the [210] direction. The pure shear strength 56 shown in the Supplementary Fig. 5 is slightly smaller than the Vickers indentation shear strength, which is similar to cases in other systems 55, 30 . However, the Vickers indentation shear strength usually has a much better agreement with the experimentally measured Vickers hardness than the pure shear strength 55, 30 .
TMNs are widely studied as hard materials not only because of their outstanding mechanical property, but also for their thermal stability and high melting points 6 . We estimated the melting point of superhard h-WN 6 by employing the Z method 57 (Fig.   4e ). The melting temperature is evaluated to be ~1900 K, by the coexistence of solid and liquid phase in two Z curves. Thus the melting temperature of h-WN 6 structure is considerably higher compared to other nitrides 6 . We also cross check its thermal stability by performing ab initio molecular dynamics (AIMD) simulations (Fig. 4 and Supplementary Fig. 3 ). During the entire AIMD simulations running for more than 36 picoseconds using NpT ensemble 58 at temperature of around 2273 K, the h-WN 6 structure stays intact and the covalent N-N bonds in ac-N 6 rings are not broken. The statistically averaged closest N-N bond length is around 1.44 Å (Fig. 4d) . These simulations suggest that the N 6 rings are kinetically quite stable and can be successfully preserved at ambient pressure and high temperatures.
Since hexagonal δ-MoN was proposed to be very hard 2, 13 , we replace the W atom of h-WN 6 with Mo atom, and find out the synthesis of an isomorphic h-MoN 6 is also possible at around 95 GPa ( Supplementary Fig. 2b and Supplementary Fig. 4 ).
The Vickers hardness of h-MoN 6 is calculated to be 50.6 GPa, as listed in Table I , which indicates that h-MoN 6 is another superhard material candidate.
In summary, we developed a new machine-learning accelerated methodology for crystal structure searching based on Bayesian Optimization and ab initio calculations.
Three guiding factors seem to be important for designing hybrid superhard compounds with transition metal and light elements: the structural stability, the non-metallicity, and a large ratio of light elements. As a test case for both our method and these guiding rules, a systematic search for the stable phases in W-N system has been performed over a pressure range of 0-100 GPa. Two new tungsten nitrides (P 6 m2 WN and R 3 m Vickers indentation shear stiffening calculations. This superhard WN 6 structure also has very good thermal stability with a high melting point of ~1900 K. We believe these predictions will stimulate future experiments to synthesize this superhard material with interesting electronic properties.
Methods

Machine-learning accelerated crystal structure searching
Recently, many methods have been developed to search or predict crystal structures at ambient or extreme conditions [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] . The common goal of these methods is to find the global and/or local minima of the free energy surface. Many of theoretical predictions have been verified by experiments, which validates these methods.
However, the crystal structure searching process based on ab initio calculations are expensive, and the most time-consuming part is the total energy calculations for each crystal structure. How to raise the efficiency (to accelerate predictions) is a significant challenge. Here we proposed and implemented a machine-learning accelerated crystal structure prediction method based on Bayesian optimization 48 
Computational codes
We used the VASP code 59 to perform the structure optimizations and enthalpy calculations. The Perdew-Burke-Ernzerh of potentials were applied within the generalized gradient approximation (GGA-PBE) 60 . The projector-augmented wave (PAW) method was adopted 61 . The structures were relaxed at a high level of accuracy, consisting of a kinetic energy cutoff of 1050 eV, using a k-mesh of spacing 2π × 0.03 
